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The quarkonium plus photon production in coherent hadron-hadron interactions at the LHC is
studied using the non-relativistic QCD factorization formalism. We investigate a set of kinematic
distributions and compute the total cross sections for J/Ψ+ γ production. Our results demonstrate
the feasibility of such process in the LHC kinematic regime and explore the possibilities for the
Future Circular Collider, where higher event yields can be achieved.
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I. INTRODUCTION
Over the last years, the quarkonium production be-
comes the subject of intense theoretical and experimen-
tal investigations. This interest has been motivated by
the observation of large discrepancies between experi-
mental measurements of J/Ψ production at the Col-
lider Detector (CDF) at Fermilab [1] and theoretical cal-
culations based on the color-singlet model (CSM) [2].
Attempts to understand this discrepancy focus on new
production mechanisms that allow the cc¯ bound system
to be produced in a color-octet state and evolve non-
perturbatively into a charmonium, where its large mass
provides a natural hard scale that allows the applica-
tion of perturbative Quantum Chromodynamics (QCD).
There are several mechanisms proposed for the quarko-
nium production at hadron colliders [3], as the CSM, the
color-octet model (COM) [4], and the color evaporation
model (CEM) [5]. Also, the diffractive quarkonium pro-
duction is sensitive to the gluon content of the Pomeron
at small-x [6] and may be particularly useful in study-
ing the different mechanisms for quarkonium production.
Hence, considering the experimental point-of-view, the
heavy-quarkonium photoproduction have an extremely
clean signature through their leptonic decay modes [6].
Studies of γ-proton interactions at the Large Hadron
Collider (LHC) provides valuable information on the
QCD dynamics at high energies. The photonhadron in-
teractions can be divided into exclusive and inclusive re-
actions. In the first case, a certain particle is produced,
while the target remains in the ground state (or is in-
ternally excited only). On the other hand, in inclusive
interactions the particle produced is accompanied by one
or more particles from the breakup of the target.
In this work, we are focused in the process
p+ p→ p⊕ J/Ψ+ γ +X. (1)
i.e., the inclusive quarkonium + photon production in pp
collisions at the LHC and Future Circular Collider (FCC)
energies, and predict their cross sections as a function of
the quarkonium rapidity (y) and transverse momentum
(p⊥). The ⊕ represent the presence of rapidity gaps be-
tween the colliding proton and the produced meson. Such
processes are relatively easy to be detected through their
leptonic decay modes, and their transverse momenta are
balanced by the associated high-energy photon. While
the LHC is colliding protons at staggering 13 TeV, the
FCC is planned to collide protons at 100 TeV [7], and
will be an important step for the future development of
high energies physics. Our predictions are the first one
for the energy scale of this collider.
In next section we present a brief review about the
quarkonium+γ photoproduction in the nonrelativistic
QCD (NRQCD) formalism. Next, we present our pre-
dictions for the rapidity and transverse momentum dis-
tributions as well as the total cross sections for J/Ψ+ γ
and Υ+γ production at LHC and FCC energies. Finally,
the last section summarizes our main conclusions.
II. THE J/ψ + PHOTON PHOTOPRODUCTION
The total cross section for the quarkonium + photon
process, p+ p→ p+M + γ +X , is given by [8]
σ(W 2γh) = 2
∫
dω
dN(ω)
dω
σγp→M+γ+X(W
2
γh), (2)
where ω is the photon energy, dN(ω)/dω is the equivalent
photon spectrum, and W 2γh = 2ω
√
SNN is the center-of-
mass energy in the photon-hadron system, with
√
SNN
for the hadron-hadron system. In this work we consider
the LHC energy of 13 TeV and the FCC at 100 TeV.
In the NRQCD formalism, the cross section for the
production of a heavy quarkonium stateM factorizes into
σ(ab→M +X) = Σnσ(ab→ QQ¯[n] +X)〈OM [n]〉,(3)
where the coefficients σ(ab→ QQ¯[n] +X) are the short-
distance cross sections for the production of the heavy-
quark pair QQ¯ in an intermediate Fock state n, which
2does not have to be color neutral. The 〈OM [n]〉 are non-
perturbative long-distance matrix elements, which de-
scribe the transition of the intermediate QQ¯ state into
the physical state M via soft-gluon radiation. Currently,
these elements have to be extracted from global fits to
quarkonium data as performed in Ref. [9]. It is important
to emphasize that the underlying mechanism governing
the heavy quarkonium production is still subject of in-
tense debate (for a recent review see, e.g., Refs. [10–13].
In the particular case of M + γ photoproduction, the
total cross section can be expressed as follows [8]
σγp =
∫
dzdp2T
xgp(x,Q
2)
z(1− z)
dσ
dt
(γ + g →M + γ), (4)
where
z =
pV · p
pγ · p , (5)
with pV , p, and pγ being the 4-momentum of the quarko-
nium, hadron, and photon, respectively. In the hadron
rest frame, z can be interpreted as the fraction of the
photon energy carried away by the quarkonium. The
partonic differential cross section in Eq. 4 is given by [14]
dσ
dt
=
64pi2
3
e4Qα
2αsmQ
s2
×
(
s2s21 + t
2t21 + u
2u21
s21t
2
1u
2
1
)
〈OV (3S[1]1 )〉, (6)
where eQ and mQ are, respectively, the charge and mass
of heavy quark constituent of the quarkonium. The Man-
delstam variables can be expressed in terms of z and pT
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FIG. 1: The pT distribution of the J/ψ + γ production at
13 TeV for different matrix elements: Mehen, Cacciari &
Kramer (CK), Butenschoen & Kniehl (BK), and Chao et al.
as follows
s =
p2T + (2mQ)
2(1− z)
z(1− z) , (7a)
t = −p
2
T + (2mQ)
2(1− z)
z
, (7b)
u = − p
2
T
1− z , (7c)
and they are combine into
s1 = s− 4m2Q, (8a)
t1 = t− 4m2Q, (8b)
u1 = u− 4m2Q, (8c)
with the Bjorken variable x expressed like
x =
p2T + (2mQ)
2(1− z)
W 2γhz(1− z)
. (9)
The long-distance matrix elements, 〈OV (3S[1]1 )〉, can
be determined from quarkonium electromagnetic decay
rates. In our calculations we use the values as given in
Refs. [8, 15–17] for the J/Ψ production (see Tab. I). In
what follows we consider different parametrizations for
the parton distribution functions (PDF), in particular,
we employ CT10 [18], CT14 [19], NNPDF v. 2.1 [20] and
3.1 [21], MMHT2014 [22], and MSTW2008 [23].
III. RESULTS
Focusing in the case of J/ψ+γ case, we compute the pT
distribution in order to compare the different predictions
among the possible matrix elements, as shown in Figs. 1
and 2. We also explore recent PDF parametrizations in
order the evaluate the distinct contributions and possible
kinematics regions to discriminate among them.
In Fig. 1 we present the comparison of the different
values of the NRQCD matrix elements at 13 TeV in the
LHC. Although all predicions present the same slope,
one clearly sees that the CK matrix element predicts a
larger event rate. The CK matrix elements are the oldest
estimations which are possibly superseded by the latest
ones, i.e., Chao and BK.
In Fig. 2, we provide the predictions for the inclusive,
diffractive, and photon-proton cross sections for different
〈OV (3S
[1]
1 )〉 J/Ψ (10
−3 GeV3)
Mehen [8] 6.60
BK [15] 2.24
CK [16] 1600
Chao [17] 3.00
TABLE I: Matrix elements employed to compute the partonic
differential cross section for the quarkonium photoproduction.
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FIG. 2: The pT distribution for 13 (top panel) and 14 TeV (bottom panel) TeV with different PDF and in comparison to the
inclusive and diffractive production mechanisms.
PDFs, now at 13 TeV (top panel) and 100 TeV (bottom
panel). For these results we have employed the matrix
element estimated by Chao et al. As a result, one can
see the contribution from photoproduction is two-order of
magnitude smaller than the inclusive one. Moreover, the
predictions with different PDF parametrizations show a
rather good agreement at the LHC energy and a slightly
separation at the higher energy of FCC. In both cases,
the CT10 contribution is the smallest one.
We also look into the rapidity distribution in order to
discriminate the different contributions. In Fig. 3, the
different parametrizations are compared in the rapidity
distribution of the vector meson. Although similar re-
sults are obtained, the rapidity distributions show dis-
tinct rapidity regions where each PDF have more contri-
bution. This is an important discriminator to compare
prediction with data obtained in the LHC experiments.
Another relevant result is the comparison of the cho-
sen charm mass, as showed in Fig. 4, where the com-
parisons of different values of charm mass are pre-
sented. We consider two different values of charm mass:
mc = 1.28 GeV/c as found in the PDG [24] and the value
of mc = 1.50 GeV/c employed in several works in the lit-
erature. These predicitons are compared using two dif-
ferent PDF parametrizations (CT10 and CT14). As one
can see in Fig. 4, there are different contributions along
the central detector and more data will allow us to obtain
more stringent constraints on the parametrizations.
IV. CONCLUSIONS
In summary, we have computed the cross sections for
the photoproduction of quarkonium+γ in coherent pp
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FIG. 3: Comparison of the vector meson rapidity distribution
for various PDF parametrizations at 13 TeV.
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FIG. 4: Rapidity distributions for the chosen charm mass
values in the literatue obtained with the CT10 and CT14
PDF parametrizations.
collisions at LHC and FCC energies using the NRQCD
formalism and considering different sets of values for the
matrix elements. Such processes are interesting since the
final state is characterized by a low multiplicity and one
rapidity gap. For the particular case o f J/ψ+γ produc-
tion, our results demonstrate that the pT and y distri-
butions are strongly dependent on the NRQCD matrix
elements and the PDFs parametrization. A detailed data
analysis could provide sensible results to constraint the
proton PDF parametrizations and NRQCD models. An
extension of this work will include a detail study on the
Υ + γ production for the LHC and FCC energies.
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